Valproate (VPA) and trichostatin A (TSA), inhibitors of zinc-dependent deacetylase activity, induce reduction in the levels of mRNA encoding oestrogen receptor-a (ERa), resulting in subsequent clearance of ERa protein from breast and ovarian cell lines. Inhibition of oestrogen signalling may account for the endocrine disorders, menstrual abnormalities, osteoporosis and weight gain that occur in a proportion of women treated with VPA for epilepsy or for bipolar mood disorder. Transcriptome profiling revealed that VPA and TSA also modulate the expression of, among others, key regulatory components of the cell cycle. Meta-analysis of genes directly responsive to oestrogen indicates that VPA and TSA have a generally antioestrogenic profile in ERa positive cells. Concomitant treatment with cycloheximide prevented most of these changes in gene expression, including downregulation of ERa mRNA, indicating that a limited number of genes signal a hyperacetylated state within cells. Three members of the NAD-dependent deacetylases, the sirtuins, are upregulated by VPA and by TSA and sirtuin activity contributes to loss of ERa expression. However, prolonged inhibition of the sirtuins by sirtinol also induces loss of ERa from cells. Mechanistically, we show that VPA invokes reversible promoter shutoff of the ERa, pS2 and cyclin D1 promoters, by inducing recruitment of methyl cytosine binding protein 2 (MeCP2) with concomitant exclusion of the maintenance methylase DNMT1. Furthermore, we demonstrate that, in the presence of VPA, local DNA methylation, deacetylation and demethylation of activated histones and recruitment of inhibitory complexes occurs on the pS2 promoter.
Introduction
Valproic acid (2-propylpentanoic acid, VPA) is an effective anticonvulsant in the treatment of epilepsy (de Silva et al., 1996) and mood stabilizer in the treatment of bipolar disorder (Davis et al., 2000) . VPA was serendipitously discovered to be a potent antiepileptic when used as a solvent in the evaluation of potential anticonvulsant compounds (Tunnicliff, 1999) . VPA, like butyric acid and trichostatin A (TSA), inhibits the activity of zinc dependent, class I and II deacetylases (DAcs) (Gottlicher et al., 2001; Phiel et al., 2001) . Deacetylases hydrolyse acetyl groups covalently attached to the e-amino group of lysine residues not only from histones but also from nonhistone proteins, whose activity may be regulated by post translational acetylation (Bannister and Miska, 2000) . We previously reported that TSA provokes clearance of ERa from the breast carcinoma cell line MCF-7 , extending a previous report that butyric acid may also induce removal of ERa from cells (Stevens et al., 1984) . More recently, Alao et al. (2004) also demonstrate that TSA represses ERa mRNA synthesis. A second type of deacetylase activity, the sirtuins, also exists. These are NAD-dependent deacetylases that are not significantly inhibited by either TSA or by VPA (Kyrylenko et al., 2003) and have been shown to have significant roles in transcriptional repression, cell morphology and in determining longevity.
Oestrogens are commonly recognized as pivotal in female reproductive physiology (Nilsson et al., 2001) ; however, they are also involved in male reproductive development and physiology (Lombardi et al., 2001) , in bone and lipid metabolism (Denger et al., 2001) and in the maintenance of the cardiovascular (Rosano and Fini, 2001 ) and neuronal systems (Green and Simpkins, 2000) . The physiological effects of oestrogens are transduced through specific nuclear receptors, the oestrogen receptors (ERa and ERb), which are dimeric, intranuclear, ligand-dependent transcription factors. ERs recognize defined palindromic target sequences in the promoter of oestrogen responsive target genes (Klinge, 2001) . Upon binding ligand, ERa undergoes a major conformational change that generates surfaces that associate with intermediate transcription factors, which, in turn, activate transcription by recruiting polymerase II to the target promoter (Brzozowski et al., 1997; Metivier et al., 2003; Reid et al., 2003) .
Estradiol (E2) has an obligate role in the development of the majority of breast neoplasia. E2 induces cellular proliferation in the endometrium and in breast, through modulating the expression and activity of key regulatory components of the cell cycle, in particular cyclindependent kinases, cyclin D1, c-myc and pRb, (Cariou et al., 2000; Carroll et al., 2000; Watts et al., 1995) . Epidemiological evidence is also consistent with E2 having a key role in the aetiology of breast neoplasia. Prolonged exposure to oestrogens, such as early menarche (MacMahon et al., 1973) , late menopause (Trichopoulos et al., 1972) , nulliparity and late age at first pregnancy (MacMahon et al., 1973) are associated with an increased risk of developing breast cancer. Moreover, high levels of exogenous oestrogen are directly associated with an increase in the frequency of breast cancer incidence (London et al., 1992) .
Concordant with the role that ERa has in the aetiology of breast cancer, tamoxifen and raloxifen, steroid mimetics that block the proliferative activity of the oestrogen receptor in breast, are effective in the treatment (Anon, 1998) and in the prevention (Anon, 2002) of breast cancer. Tamoxifen in particular has limitations in therapy, with resistance to treatment being a frequent outcome (Kurebayashi, 2003) and moreover, tamoxifen induces uterine proliferation (Shang and Brown, 2002) . Consequently, a need remains for alternative approaches that achieve profound antioestrogenic effects that are mechanistically different from analogues of E2 or inhibitors of aromatase.
We demonstrate that VPA and TSA induce reversible clearance of ERa from MCF-7 cells and consequently preclude oestrogen-mediated signalling. Moreover, through transcriptome profiling, we show that VPA and TSA induce growth arrest through changes in the expression of key regulatory components of cell-cycle progression. Concomitant treatment with cycloheximide prevented most of these changes in gene expression, including downregulation of ERa mRNA, indicating that a limited number of target genes, including members of the sirtuin family, are responsible for signalling a hyperacetylated state within cells. Furthermore, transcriptional silencing of genes downregulated in response to inhibition of deacetylase activity may be achieved through the recruitment of repressive factors to their promoters in conjunction with the development of a repressive histone code and local methylation of CpG elements.
Results

VPA and TSA reversibly clear ERa from cells
We firstly characterized the effect that VPA and TSA have on the expression of ERa in the breast adenocarcinoma cell line MCF-7. Initially, we determined the dose-response profile of ERa expression to VPA and TSA. VPA induces loss of ERa (Figure 1a ) with an IC 50 value of around 2 mM, while TSA achieves the same effect with an IC 50 of approximately 100 nM ( Figure 1a ). The effect of VPA and TSA on MCF-7 cells is reversible, as ERa levels completely recover when cells are treated with 6 mM VPA or 300 nM TSA for 16 h and then subsequently grown in the absence of compound (Figure 1b) . Loss of ERa is not restricted to MCF-7 cells as 16 h of treatment with 6 mM VPA also clears ERa from the breast carcinoma cell lines T47D and ZR75 and from the ovarian cell line PEO4 (Figure 1c ). Concomitant addition of the proteasome inhibitor MG132 (10 mM) prevented VPA and TSA induced loss of ERa, indicating that the observed degradation of ERa protein is dependent on the activity of the proteasome (Figure 1d ). Finally, immunostaining confirms that VPA abrogates the expression of ERa and demonstrates that cyclin D1 expression is also markedly reduced (Figure 1e ).
VPA and TSA preclude oestrogen dependent gene transactivation, are cytotoxic and reduce ERa mRNA levels in MCF-7 cells
We evaluated the effect VPA and TSA have on oestrogen-mediated gene transactivation. MCF-7 cells were pretreated with differing concentrations of VPA or TSA for 6 h and then transfected with a luciferase reporter construct whose promoter has a single copy of the canonical oestrogen response element upstream of a minimal thymidine kinase promoter (ERE-TK-luc (Webb et al., 1995) ). Lysates were prepared 15 h after transfection and luciferase activity estimated. VPA inhibits oestrogen signalling in MCF-7 cells with an IC 50 value of around 2.0 mM and TSA inhibits oestrogen signalling with an IC 50 of approximately 100 nM (Figure 2a ). However, we repeatedly observed that VPA increased the expression of luciferase at lower concentrations (compare 0.1 mM VPA concentration with those at 0.2, 0.3 and 0.6 mM in Figure 2a ). This occurs without an apparent increase in the level of ERa ( Figure 1a) ; this effect was never seen with TSA. This notwithstanding, the concentrations of either VPA or TSA required to suppress the transactivation activity of ERa parallels the observed cytotoxic effect of VPA on MCF-7 cells (Figure 2b (Figure 2c) . Presumably, proteasome mediated turnover then removes existing ERa.
VPA treatment induces changes in the expression of a subset of genes
Given that inhibition of deacetylase activity by either VPA or TSA induces multiple, antiproliferative phenotypic effects in dividing cells (cell-cycle arrest in G1 and in G2, apoptosis and induction of differentiation; see Supplementary material S1, S2 and (Gottlicher et al., 2001 )), we wished to determine if VPA and TSA alter the expression of additional genes than ERa and to determine if there is similarity in the profile of genes affected by both compounds. In summary, 3.0% of transcripts analyzed were upregulated and 3.3% of transcripts downregulated greater than two-fold following VPA treatment. The proportion of genes that changed greater than two-fold increased to 10% in each direction on 16 h of treatment with 300 nM TSA. We selected a limited number of genes of potential significance whose expression changed markedly (fold change >2; Po0.05, Student's t-test) in response to TSA. Genes that were upregulated include three cyclindependent kinase inhibitors (CDKN1B, CDNK1C and CDKN2D), three members of the sirtuin family of NAD-dependent deacetylases, SIRT2, 4 and 7, and short-chain alcohol dehydrogenase. Downregulated Figure 2 VPA and TSA induce a dose-dependent reduction in oestrogen signaling, are cytotoxic and abrogate ERa mRNA. MCF-7 cells were transfected with an oestrogen-dependent reporter construct expressing luciferase (Webb et al., 1995) in the presence of differing amounts of VPA or TSA, which was present throughout the entire assay period. Deacetylase inhibition, promoter silencing and ERa G Reid et al genes include the nuclear receptors ERa, PR, NR1H3 (TR4) and R1H3 (LXRa), cyclin B1, enzymes involved in the synthesis of TTP (thymidylate synthase (TYMS) and deoxythymidylate kinase (DTYMK)), the tumour suppressor gene p53 and the oncogene MYC ( Figure 3b) . Comparison with the response that MCF-7 cells make to VPA indicates that three classes of behaviour occur: Genes where VPA and TSA induce a similar response, genes where TSA induces a stronger effect than VPA and genes that only respond to TSA (see also Supplementary Figure S3 ).
VPA and TSA treatment disrupt oestrogen mediated gene expression
To determine the effect of ERa clearance induced by DAc inhibition on oestrogen responsive gene expression profiles, we compared the VPA and TSA responsive genes with ER-regulated genes defined by Finlin et al. (2001) . This study evaluated the response that the transcriptome of MCF-7 cells make to treatment with estradiol (E2) and 4-OH tamoxifen. In total, 68 E2 upregulated genes and 36 E2 downregulated genes were identified that were also responsive to VPA and TSA treatment ( Figure 4a ). VPA and TSA treatments had an antagonistic effect on 88% of the E2 upregulated genes (Figure 4a ), similar to 4-OH Tam treatment, whereas the expression of only 22% of oestrogen downregulated genes were reduced by VPA and TSA (Figure 4b ), suggesting that E2 upregulated genes may be more susceptible to DAC inhibition than the downregulated ones. The list of disrupted genes include known ER direct target genes (TFF1 and GREB1) and those (RBBP8, SPUVE, SIAH2, ELOVL2, THBS1) previously described in our time course study to identify ER targets (Lin et al., 2004) . Collectively, these findings indicate that ERa regulated transcription is disrupted by VPA and by TSA and is consistent with the finding that both compounds drastically reduce ERa levels.
Concomitant treatment with cycloheximide prevents many of the changes in gene expression induced by TSA and by VPA
We then wished to determine the set of genes that respond directly to TSA and VPA treatment, through an evaluation of gene profiles that occur under blockade of de novo protein synthesis by cycloheximide. As shown in Figure 5a , expression of the majority of genes significantly changed by deacetylase inhibition, including ERa, is prevented by concomitant treatment with cycloheximide. An exception to this pattern is CDKN1C. Moreover, meta-analysis of oestrogen responsive genes indicates that, in the presence of cycloheximide, VPA and TSA no longer engender an antioestrogenic profile (see Supplementary material; Figure S4 ). This indicates that a limited number of genes initially respond to deacetylation inhibition, with a secondary response then determined by this primary change in gene expression profiles. The Venn diagrams in Figure 5b illustrate the pattern of overlap of genes among the experimental settings evaluated. A restricted number of genes are primarily up-or downregulated, greater than two-fold, in all conditions (244 and 138 respectively). We reasoned that the gene product(s) implicated in downregulation of oestrogen receptor mRNA may be transcriptional repressors that are directly upregulated by TSA and by VPA. Three genes satisfy these criteria: SIRT2, SIRT4, SIRT7 (illustrated in Figures 3 and 5a) . Although VPA does not directly increase SIRT2 in our transcriptome analysis, unpublished results confirm that this does occur.
NAD dependent deacetylase activity contributes to repression of ERa transcription
In keeping with our findings that findings that SIRT 2, 4 and 7 expression is directly upregulated by VPA and by TSA, it has previously been reported that several different inhibitors of class I and II deacetylases increase expression of SIRT2, 4 and 7 (Kyrylenko et al., 2003) . We therefore reasoned that blocking activity of the sirtuins should preclude TSA or VPA mediated downregulation of ERa; however, treatment of MCF-7 cells for 16 h with sirtinol, an inhibitor of the sirtuins (Grozinger et al., 2001) , induced loss of ERa (Figure 6b ). Sirtinol induced loss of ERa occurs at a similar concentration to the inhibition of SIRT2 by sirtinol, which has an IC 50 of 38 mM (Grozinger et al., 2001) . It may be that, as with VPA and TSA, inhibition of sirtuin activity also invokes changes in gene expression profiles that in turn suppress transcription of the ERa gene. In consequence, concomitant addition of TSA and sirtinol might be anticipated only to delay clearance of ERa. As shown in Figure 6c , this is the case, with 30 mM sirtinol impeding clearance of ERa by around 4 h. This suggests that members of the sirtuin family of NAD-dependent deacetylases contribute to the VPA and TSA induced downregulation of ERa.
VPA induces silencing of the ERa, pS2 and cyclin D1 promoters
Inhibitors of deacetylase activity act to enhance the overall level of histone acetylation, implying that they have the capacity to generally stimulate gene expression. However, we found that, in addition to only 3% of genes being significantly upregulated, a subset of Figure 3 Comparative transcriptome profiling of MCF-7 cells treated with VPA and TSA. mRNA was prepared from three biological replicates of control MCF-7 cells and from MCF-7 cells treated for 16 h with 6 mM VPA or with 300 mM TSA. These mRNAs were used to generate labeled cRNA that was then applied to individual Amersham Human 20K arrays (VPA study) or individual Amersham Human 55K arrays (TSA study). Comparing replicates to each other indicates a high degree of similarity (a). Significant changes in gene expression profiles occur under VPA or TSA treatment, with approximately 3% of transcripts upregulated and 3% down regulated in response to VPA and approximately 10% of transcripts up-regulated and 10% down-regulated on addition of TSA. The expression levels of selected genes are indicated (Parker et al., 1986) , increasing the 5-methylcytosine content in fibroblast cells from 2.9% (control) to 6.8% (20 mM butyrate). Butyrate also directly reduces the expression of the oestrogen responsive genes TFF1 (pS2) (Tran et al., 1998) and cyclin D1 (Lallemand et al., 1996) . We evaluated if VPA directly induced promoter shutoff of the subset of promoters whose products are downregulated on inhibition of deacetylase activity. Chromatin immunoprecipitation (ChIP) analysis demonstrates that VPA induces recruitment of the 5-Me CpG binding protein MeCP2 to the ERa A promoter and also to the pS2 and cyclin D1 promoters (Figure 7a ). Moreover, as we were aware that VPA has a reversible effect on ERa expression (Figure 1c) , we also evaluated these promoters for the presence of the maintenance methylase DNA methyl transferase 1 (DNMT1), which became excluded from each promoter following treatment with VPA ( Figure 7a ). We restricted further evaluation of how VPA represses a subset of genes to the pS2 promoter, as only this promoter was active enough to generate detectable results. We investigated the association of repressive factors and the formation of repressive epigenetic marks on histones following VPA treatment. Figure 7b demonstrates that VPA induces recruitment of HDACs 1, 3 and 7 and the MTA1 component of the transcriptionally repressive NuRD complex to the pS2 promoter. Moreover, in the presence of VPA, local histone acetylation and methylation on the pS2 promoter becomes abrogated.
Finally, we also directly evaluated the methylation status of three HpaII sites within the pS2 promoter in MCF-7 cells, in MDA-MB-231 cells and in MDA-MB-231 cells constitutively expressing ERa. HpaII restricts CCGG sites only when they are neither methylated or hemimethylated at C Me CGG. Each of the three HpaII sites within the pS2 promoter is not methylated in MCF-7 cells but is methylated in MDA-MB-231 cells, indicating that the pS2 promoter has undergone epigenetic silencing in the ERa negative MDA-MB-231 cell line. However, expression of ERa is sufficient to epigenetically open the pS2 promoter in MDA-MB-231 ERa cells, where all three sites become demethylated (Figure 7c ). VPA directly induces methylation of the two HpaII sites encompassed by the phased nucleosome (Sewack and Hansen, 1997; Metivier et al., 2003) overlying the TATA box (Figure 7c ). The expression of ERa in MDA-MB-231 is under control of the CMV IE promoter, which is activated by deacetylase inhibitors (Tran et al., 1998) . Correspondingly, oestrogen signalling in MDA-MB-231 ERa cells is not compromised by VPA treatment, indicating that the pS2 gene is directly inhibited by VPA and is not dependent on loss of ERa. This is in agreement with the findings that short-chain fatty acids directly inhibit pS2 expression in colon cancer cells (Tran et al., 1998) .
Discussion
VPA induced adverse effects in women
A number of reports describe adverse effects in women receiving VPA, including reproductive (Isojarvi et al., 1993; Duncan, 2001; O'Donovan et al., 2002) and endocrine (Rattya et al., 2001 ) disorders, obesity (Luef et al., 2002) and a decrease in bone mass (Sato et al., 2001) . We demonstrate that VPA and TSA, known deacetylase inhibitors, clear ERa from, and preclude oestrogen signalling in all ERa positive cell lines evaluated. The mean serum concentration of VPA in patients is around 4707135 mM, (n ¼ 69; data combined from Isojarvi et al., 1993; Sato et al., 2001 ; O'Donovan et al., 2002. We report that VPA mediated inhibition of oestrogen signalling and loss of ERa have respective in vitro IC 50 values around three-fold higher than this. The mean therapeutic concentration and extensive duration of treatment in patients suggest that oestrogen signalling may be compromised in certain individuals.VPA induced loss of oestrogen signalling may therefore provide an explanation for the undesirable effects seen in a proportion of patients treated with VPA.
Deacetylase inhibition induces multiple changes in gene expression
The multiple antiproliferative effects that result upon inhibition of deacetylase activity (Gottlicher et al., 2001 ; Supplementary material S1) prompted an evaluation of the response that the transcriptome of MCF-7 cells makes to the addition of VPA or TSA. Approximately identical proportions of genes are activated and repressed greater than two-fold by VPA and TSA, with these distinct changes sufficient to account for the pleiotropic, generally antiproliferative effects that follow inhibition of deacetylase activity. Through this analysis, we identified several other key regulatory components whose expression is modified. These include upregulation of multiple cyclin-dependent kinase inhibitors and downregulation of cyclins, nuclear receptors, p53 and enzymes involved in synthesising the pool of thymidine triphoshate (TTP). The hydroxamic acid SAHA, structurally related to TSA, has been shown to synergize with 5-fluorouricil, an inhibitor of thymidylate synthase, in killing cells (Kim et al., 2003) . Our unpublished observations show that VPA also synergizes with 5-fluorouracil, extending the generality of the finding that inhibitors of class I/II deacetylases preclude the synthesis of TTP. TSA and VPA do not change the expression levels of the majority of cellular transcripts, suggesting that only a limited number of cellular promoters respond specifically to VPA or general deacetylase inhibition.
VPA and TSA elicit an antioestrogenic response
Treatment of cells for 16 h with VPA or TSA is sufficient to induce both primary and secondary changes in gene expression. Comparison of the profiles that genes responsive to E2 (upregulated by E2 and repressed by 4-OH tamoxifen or vice versa) make to VPA demonstrates that, in the majority of cases, VPA induces the same effect as antioestrogen treatment. In this analysis, no oestrogen responsive gene was unchanged by VPA. This defines only two possible ways that oestrogen responsive genes respond to VPA treatment. The majority act as though VPA was an antioestrogen, either directly, as VPA induces changes in expression that parallel the oestrogen response or indirectly, through the loss of ERa. With promoters that react oppositely to oestrogen regulation, additional elements sensitive to acetylation presumably define the response.
VPA induced loss of ERa
Blockade of proteasome activity with the inhibitor MG132 prevents valproate induced clearance of ERa (Figure 1d ), indicating that cyclic turnover on responsive promoters (Shang et al., 2000; Metivier et al., 2003; Reid et al., 2003) acts to deplete the level of ERa protein following VPA induced promoter shutoff. This is in contrast to VPA induced degradation of HDAC2, where VPA induces the E2 ubiquitin conjugase Ubc8, resulting in the selective degradation of HDAC2 (Kramer et al., 2003) . Our array data showed of the HDAcs present (HDACs 1-10), only HDAC1 was significantly increased, by 4.5-fold, on treatment with VPA. However, no HDAC mRNA that was expressed at a moderate to high level was significantly altered by TSA. Taken together, deacetylase inhibitors exert multiple effects on cellular function at the levels of mRNA expression and protein stability.
Promoter repression
Repression of ERa mRNA synthesis is presumably dependent on the synthesis of transcriptional repressors, as VPA and TSA induced loss of ERa mRNA is blocked by cycloheximide. We identified three members of the sirtuin class of deacetylases directly upregulated by VPA and by TSA and that are known transcriptional repressors. We indirectly demonstrate that NAD-dependent deacetylase activity is involved in mediating transcriptional repression as events as sirtinol, a specific inhibitor of the sirtuins (Grozinger et al., 2001) , delays TSA-mediated clearance of ERa and, furthermore, local deacetylation of histones occurs even in the presence of inhibitors of the Zn-dependent class of deacetylases. This latter event could be mediated by the NADdependent deacetylase activity. Significantly, inhibition of the sirtuins also induces clearance of ERa, with kinetics that indicate secondary gene changes mediate this effect. ChIP analysis demonstrates that methyl-CpG binding protein 2 (MeCP2) associates with the ERa, pS2 and cyclin D1 promoters in response to VPA treatment, indicating that local methylation of CpG islands occurs on a subset of cellular promoters. Indeed, methylation of the pS2 promoter could be directly observed upon VPA treatment. Methylation of DNA upstream of the transcribed sequence, with subsequent recruitment of MeCP2, is likely to induce a state of nonresponsiveness, through MeCP2 physically blocking recruitment of transcription factors (Nan et al., 1997) and by further reinforcing repression by promoting chromosome condensation (Fuks et al., 2003) through the recruitment of DAc (Bird, 2002) and histone methyltransferase (Fuks et al., 2003) activities. These later events are indeed induced by VPA-mediated repression of the pS2 promoter, as (i) HDACs 1, 3 and 7 are recruited to the promoter; (ii) demethylation of histones H3 and H4 occurs and (iii) deacetylation in the presence of a deacetlyase inhibitor of histones H3 and H4 also occurs. The consequence of the association of these repressive complexes is profound inhibition of gene expression. Figure 5 Cycloheximide prevents many of the changes in gene expression induced by VPA and TSA. The set of genes that directly respond to TSA and VPA was determined through an evaluation of gene profiles that occur under blockade of de novo protein synthesis by cycloheximide with concomitant treatment with VPA and TSA. As shown in (a), the expression of the majority of genes significantly changed by deacetylase inhibition, including ERa, is prevented by simultaneous treatment with cycloheximide. Moreover, meta-analysis of oestrogen responsive genes indicates that, in the presence of cycloheximide, VPA and TSA no longer engender an antioestrogenic profile (additional material; Figure 4 ). This indicates that a limited number of genes initially respond to deacetylation inhibition, with a secondary response then determined by this primary change in gene expression profiles. The Venn diagrams in (b) illustrate the pattern of overlap of genes among the experimental settings evaluated. A restricted number of genes are primarily up-or downregulated, greater than two-fold, in all conditions (244 and 138, respectively). We reasoned that the gene product(s) implicated in downregulation of oestrogen receptor mRNA may be transcriptional repressors that are directly upregulated by TSA and by VPA. Three genes satisfy these criteria: SIRT2, SIRT4 and SIRT7 (see also Figure 3) Deacetylase inhibition, promoter silencing and ERa G Reid et al
Additionally, DNMT1 becomes excluded from the ERa, pS2 and cyclin D1 promoters. The pattern of methylcytosine on DNA is clonally maintained through the action of DNA methyltransferases, which recognize hemimethylated CpG substrates to convert them to fully methylated products. However, the action of VPA and TSA are reversible, at least in respect to ERa expression (Figure 1e ). Mechanistically, this may be achieved through the induction of hemimethylated CpG islands on deacetylase inhibition with concomitant exclusion of DNMT1 from the promoter. Consequently, VPA induced CpG methylation is not stably propagated.
The induction of a hyperacetylated state within tumour cell lines is strongly antiproliferative, as seen phenotypically by profound arrest at multiple stages in the cell cycle and by the induction of differentiation and apoptosis (Supplementary material herein, Gottlicher et al., 2001; Munster et al., 2001) . This is achieved by changes in the expression of key genes that regulate cell division and protein turnover. Deacetylase inhibition represents a small molecule antiproliferative switch. The consequences of gene transcription modulation induced by VPA and by TSA provide further evidence for consideration of inhibitors of deacetylase as chemotherapeutic options in the treatment of cancer, in particular in the treatment of oestrogen-dependent tumors.
Materials and methods
2-propylpentanoic acid (VPA) sodium salt, TSA, MG132, MTT, moviol, DABCO, DiAminoPropidium Iodide (DAPI), 5-fluorouracil and propidium iodide were purchased from Sigma (Taufkirchen, Germany) and ICI 182,780 (ICI) from Tocris Cookson (Bristol, UK). Sirtinol was obtained from Calbiochem (Darmstadt, Germany). Taq polymerase and fugene transfection reagent were purchased from Roche (Mannheim, Germany). HpaII from New England Biolabs (Frankfurt am Main, Germany) and anti-ERa (HC-20) and anticyclinD1 (C-20) were purchased from Santa Cruz (Heidelberg, Germany).
Cell lines, cell culture and analysis
All cell lines were grown in DMEM supplemented with 10% fetal calf serum (FCS, Sigma) at 371C under 5% CO 2 . Cell lines stably expressing ERa were generated from the ERa-negative cell line MDA-MB231 as previously described . Transfection of DNA (0.5 mg per 2 cm 2 well of cells at 80% confluency) was performed using the fugene reagent. Firefly luciferase activity was determined using the dual luciferase assay kit from Roche (Promega, Germany). Cell number was determined by mitochondrial reduction of MTT (Denizot and Lang, 1986 ).
Transcriptome analysis: experimental design and procedure
Comparative transcriptome profiling of untreated MCF-7 cells and MCF-7 cells treated for 16 h with 10 mM VPA was performed using the Amersham Codelink 20 K array, and with untreated MCF-7 cells and MCF-7 cells treated for 16 h with 300 nM TSA using the Amersham whole-genome 55 K array, following the manufactures instructions (Amersham, Freiburg, Germany). Three individual RNA preparations were prepared for each condition, which were validated for integrity on preparation and through the process of generating singly labelled cRNA using the Agilent 2100 bioanalyzer. Following hybridization and washing, the processed array was scanned using an Axom scanner, spots grided, assigned and the intensity of each spot then calculated. The resulting data were then normalized to the median result of the array and imported into the GeneSpring software package (Silicon Genetics, CA, USA), which was used to integrate the replicates and to compare the different conditions.
Comparative analysis of the oestrogen, VPA, TSA, responsive microarray gene expression data Expression data from MCF-7 cells treated with 17b-estradiol (E2) and the ER antagonist 4-OH tamoxifen (4-OH Tam) were reported by Finlin et al. (2001) . Briefly, MCF-7 cells were grown in oestrogen-free medium for 2 days and then supplemented with E2 for 4, 8, or 24 h. Expression profiles of treated samples were compared to untreated controls in microarray experiments performed as described by Finlin et al. (2001) . ER regulation of responsive genes was determined by cotreatment with either 1 or 6 mM 4-OH Tam for 48 h. ERregulated genes were selected based on at least a 15% change in expression levels in the same direction for two time points and changes in the opposite direction following 4-OH Tam treatment. One absent value was allowed in each of the treatments, and contradictory data within each treatment condition excluded genes from further consideration. The selection criteria were informed by expression profiles of known ER-regulated genes, including TFF1/pS2. VPA and TSA response was defined at a statistical significance of Po10 À5 between the treated and untreated samples, as determined by the Student's t-test. UniGene cluster numbers Figure 7 Valproate (VPA) induces silencing of the ERa, cyclin D1 and pS2 promoters. (a) Chromatin immunoprecipitation assays (ChIPs) were performed on the transcriptional start site of the pS2, ERa and cyclin D1 promoters, using preimmune, anti-MeCP2 and anti-Dnmt1 antibodies on control cells or in cells treated with 6 mM VPA for 14 h. VPA treatment resulted in the recruitment of MeCP2 and the exclusion of Dnmt1 from all three promoters. (b) VPA induces the recruitment of DAcs and the MTA1 componant of the repressive NuRD complex to the pS2 promoter and results in the deacetylation and demethylation of local histones. (c) VPA treatment results in the methylation of CpG islands on the pS2 promoter and this effect does not require loss of ERa. A schematic representation of the oestrogen responsive pS2 promoter is illustrated. Relevant CpG dinucleotides within the promoter region are indicated, including those that lie within a HpaII site. Also shown are significant cis acting features, namely the TATA box, half ERE's, AP-1 and full ERE sites present in the promoter. Two phased nucleosomes, associated with the TATA box and with the ERE (Sewack and Hansen, 1997) are also shown. The four regions amplified by PCR primers are illustrated. Genomic DNA was prepared from MCF-7, MDA-MB231 and from MDA-MB231 cells stably expressing an ERa transgene, digested with HpaII and then subject to PCR to amplify the regions described above. In MCF-7 cells, VPA induces methylation of the HpaII sites overlaid by the phased nucleosome associated with the TATA box. This effect does not require VPA-mediated loss of ERa, as VPA also induces methylation of these sites in MDA-MB231 cells stably expressing an ERa transgene, which is activated by deacetylase inhibitors (Build 172) were used to merge the data from the studies. The relatively lower stringency of the selection criteria for responsive genes was utilized to better capture the overlap between the two data sets.
Methylation analysis, quantitative RT-PCR and chromatin IP's
Genomic DNA was prepared from 10 8 cells using the method described in (Nelson and Krawetz, 1992) . The methylation status of CCGG sites within the pS2 promoter was examined using 5 mg of prepared DNA digested with 10 U of HpaII for 2 h at 371C. Control samples did not receive restriction endonuclease. Samples were then phenol extracted, ethanol precipitated and subject to 26 cycles of PCR using the following primer sets. PS2 promoter analysis, A: forward TGATTCTCCTGACTTACCCTCC, reverse CACGCTG TAATCCCAACACTTT. B: forward ATGGGCTTCAT GAGCTCC, reverse AGGGTAAATACTGTACTCAC. C: forward CAAGATGACCTCACCACATG, reverse CGCA GATCACCTTGTTCTCCAT. D: forward TCCTTAGGCAA ATGTTATCTAACG, reverse GAGCGTTAGATAACAT TTGCC. Quantitative RT-PCR to determine ERa mRNA levels were performed on a Smart Cycler, Eurogentec, Liege, Belgium, using the primers ERa forward AGACCGAAGAG GAGGGAGAA, ERa reverse GATCTCCACCATGCCCTC TA. The primers used in ChIP analysis to amplify the pS2, ERa and cyclinD1 promoters were ATGGCCACCATGGA GAACAA (pS2 left), TAAAACAGTGGCTCCTGGCG (pS2 right); CCTGGGACTGCACTTGCT (ERa left), CACA GCCCGAGGTTAGAGG (ERa right); CTCAGGGATGGC TTTTGG (left), ACAACAGTAACGTCACACGG (right). ChIP analysis was performed as described by Metivier et al. (2003) using the following antibodies: MeCP2 (sc-5758, Santa Cruz); Dnmt1 (sc-20701, Santa Cruz); HDAC1 (sc-6299, Santa Cruz); HDAC3 (sc-11417, Santa Cruz); HDAC7 (sc-11421, Santa Cruz); Ac-H3-K 14 (06-911, Upstate Biotechnology); Ac-H4-K 16 (06-762, Upstate Biotechnology); dimethyl-H3-R 17 (07-214, Upstate Biotechnology) and dimethyl-H4-R 3 (07-213, Upstate Biotechnology).
